SECTION A1
Detailed process description and selected performance data for the MSW to ethanol facility
Process description and life cycle modeling

MSW collection and hauling
We assume the feedstock (MSW) is collected and hauled by diesel trucks. We estimate the average waste collection distance R (km) around an ethanol facility as R = √ (Q/πd), where Q is the daily capacity of the waste processing facility (MT) and d is the daily density of waste in the collection area (MT/km 2 ). The waste density, d is a function of the population density, and daily MSW generation per capita (MT/capita) (1) . In our analyses, we assume a waste density of 2.85 wet MT/km 2 , which is the waste density in New York, NY (1) . However, we also examined the sensitivity of the life cycle energy use and GHG emissions to variations in waste density and found the effects to be marginal; for example, lowering the waste density by more than ten times to 0.26 MT/km 2 (corresponding to Phoenix, Arizona) increased life cycle fossil energy use by 14% and GHG emissions by 5%.
MSW classification
The classification process is used to extract marketable aluminum, glass, steel, and plastic materials from the MSW waste stream leaving MSW-fluff as the residual. We model the classification process based on Broder and Barrier (2) . Wastes are separated in a trommel system, a rotary cylindrical screen that separates materials of different density. Ferrous and nonferrous metal components are separated magnetically, and an air classifier is then used to separate the lighter materials from the heavier materials. Finally, a plastic film separator separates the plastics from the organic residual. We assume electricity is used for meeting all of the energy requirements in the classification process and use estimates of total electricity requirements for the classification process area from Broder and Barrier (2).
MSW-fluff to ethanol conversion
Our model of the MSW to ethanol conversion facility is based on a gravity pressure vessel (GPV) process developed by GeneSyst Inc. (3) . GeneSyst Inc. is a US company whose founder, James Titmas, holds several patents for the GPV technology. GeneSyst Inc. has licensed its technology for several potential facilities and is planning construction of a plant with a capacity to treat 24 MT of wet MSW-fluff per hour in Canton, Ohio (3) . The main steps in the conversion are: MSW-fluff shredding and separation, hydrolysis to convert the cellulose fraction into sugars, fermentation to convert the sugars into ethanol, and distillation to produce fuel quality ethanol. The model also includes secondary processes for treating various co-products and wastes, such as plastic drying and pelletizing, solids dewatering, furfural condensation, CO 2 compression, and wastewater treatment.
Fluff pre-treatment consists of shredding sieving, and separation. The separated material, which consists mostly of mixed plastic chips, is then dried and converted to pellets. The remaining organic fraction of MSW-fluff is mixed with water and a small amount of sulfuric acid and the resulting slurry is pumped through a GPV (a long vertical heat exchanger). Carbon dioxide gas is introduced into the GPV which then forms carbonic acid. The high pressure conditions at the bottom of the GPV, coupled with the presence of carbonic and sulfuric acids, help de-polymerize the cellulose into glucose. Heat provided by wet oxidation of the lignin portion of MSW also aids the cellulose hydrolysis. Excess acid in the slurry is then neutralized using calcium hydroxide, followed by one more clarification step to separate fine dirt particles, excess lime, and gypsum. The neutralized, clean, glucose solution is then fermented in large tanks using common yeast to yield a light beer containing ethanol. The water and ethanol mix is then distilled to evaporate the ethanol which is then cooled, collected and denatured. Co-products from the process include yeast, furfural, CaSO 4 (gypsum), CO 2 , acetic acid and glycol, which can be extracted and potentially sold. The treatment of sludge (a mixture of gypsum, excess lime, and products from decomposition of lignin) includes clarification, dewatering, and drying. Wastewater from the distillation process is treated by transferring it to the aeration tank where oxygen is supplied.
The ultimate yield of ethanol from MSW depends on the composition of incoming MSW and the efficiencies of conversion from cellulose to glucose during hydrolysis, glucose yield after neutralization, and glucose to ethanol conversion during fermentation. Fermentation inhibiting toxins commonly found in biomass hydrolyzates such as furfural, weak acids (i.e., levulinic, acetic, and formic); and phenolic compounds are a major concern (4, 5) . However, in the GPV process, the amount of toxins generated is much lower due to rapid (less than 10 sec) hydrolysis, compared to the slow, lower temperature acid hydrolysis. Proposed excessive liming during fermentation is shown to improve yields (6) . Further, an optional activated carbon adsorption step is proposed (not modeled) between the post GPV clarification and fermentation steps to extract organics along with formic acid, phenolics and furfurals. We conservatively assume a yield of 22.44g ethanol/100 g glucose in the fermentation step and an overall yield of 84.5 L of ethanol/MT of wet MSW-fluff. More detailed performance data for the MSW-ethanol facility, including conversion efficiencies at various stages are provided in Table A1 .1
Ethanol transportation and distribution
We use estimates from Wang (7) to model ethanol transportation and distribution activities. Wang assumes that ethanol is transported from the ethanol facility to a bulk terminal on average 40% of the time by rail (1287 km), 40% by barge (837 km), and 20% by diesel-fueled truck (129 km). Ethanol is then assumed to be distributed from bulk terminals to refueling stations by diesel-fueled trucks (30 km).
Chemical inputs
Life cycle data on the chemicals used during the hydrolysis of the feedstock are from NREL (8), ESA and EFMA (9) and Sargent & Lundy (10) . The data for the wastewater treatment stage are from Edeline (11) ; Vandevenne (12) and Pardo (13) . Due to the lack of specific data for the transportation of the various chemical inputs, we assume that the transportation mode and distances for all of the chemicals are identical to those of H 2 SO 4 for which the data were obtained from Wang (7) . We conservatively assume that all of the chemicals are transported individually to the ethanol facility. We include energy use and emissions from yeast production only for the initial start up, although fresh yeast may have to be added to compensate for quality deterioration. We assume that the incremental impacts from the added yeast are minimal after accounting for credits for yeast byproduct that can be sold as a protein source in animal feeds (3, 14) .
Co-products from MSW to ethanol conversion
Several co-product streams result from the MSW to ethanol conversion process. Ferrous and non-ferrous metals, glass and plastics are recovered during the MSW classification process. The actual quantities recovered during the classification step would vary significantly depending on local conditions (e.g., prevalence of curbside recycling programs) and local regulations with respect to recycling. In addition, many of the co-products generated during ethanol production can be further processed and marketed (1) . Furfural can be converted into furfuryl alcohol and into other products (15) . Gypsum can be used in agriculture to raise the pH level of the soil or in cement production (16) . Although these co-products are potentially marketable with or without further processing, to be conservative, we do not include any credits for these co-products in our life cycle calculations for MSW-derived ethanol. Similarly, we assume that the residual decomposition products of lignin are disposed.
Vehicle use
We assume the ethanol is blended with gasoline as E85 and used in a displacement-on-demand spark ignition conventional drive (E85 DOD SI CD) LDV with a fuel economy of 11.0 L gasoline equivalent/100 km. Vehicle specifications are as per GM (17) . The vehicle is assumed to meet the Tier 2 Bin 5 emissions standard. Further details on the GM study (17) and the assumed vehicle are in Section A2 of Supporting Information and Spatari et al. (18) General Motors (GM) (17) evaluated life cycle energy use, selected greenhouse gas (GHG) and air pollutant emissions associated with the life cycle of a large set of transportation fuels and advanced vehicle technologies. In the evaluation of alternative fuels and vehicle technologies, a complete fuel life cycle analysis (i.e., from raw material extraction through fuel production and transportation to the use of the fuel in the end use/vehicle) is often referred to as a "well-to-wheel" (WTW) analysis. In GM (17) , "wellto-tank" (WTT, fuel production) energy use, GHG and criteria air pollutant emissions are examined using GREET, a fuel life cycle model developed at Argonne National Laboratory. The "tank-to-wheel" (associated with vehicle operation) energy use and emissions are estimated using a GM proprietary modeling tool, EPA's MOBILE, and California's EMFAC emissions models.
For WTT analyses of corn and cellulosic ethanol, the system boundaries defined in GREET include corn or cellulosic biomass feedstock production, manufacture of fertilizer and herbicide required for corn and biomass production, transportation of corn and biomass to the ethanol plant, ethanol conversion, ethanol transportation and distribution to refueling stations. For low-sulfur gasoline, activities associated with petroleum recovery, petroleum transportation, petroleum refining, gasoline transportation and distribution to refueling stations are included. GREET also includes upstream emissions and energy use associated with process energy consumed during the various stages of a fuel life cycle. For example, electricity is one type of process energy used in the production of corn. Upstream energy use and emissions associated with electricity production (from raw material acquisition through electricity production to electricity distribution to users) are taken into account and included in the WTW modeling. Table  A2 .1 summaries the key assumptions used in the WTW analyses of corn ethanol, cellulosic ethanol, and the crude oil-low sulfur gasoline pathways in GM (17) . For further details, consult GM (17) . Note: original units in the model/studies are reported. gallons/dry ton (herbaceous biomass) 7. Co-product: electricity produced from the lignin portion of the biomass feedstock is exported to the grid after the ethanol plant meets its internal demand for electricity and steam. Excess electricity for export is assumed to be 1.145 kWh/gallon of ethanol produced for woody biomass and 0.572kWh/gallon for herbaceous biomass. Excess electricity is assumed to displace U.S. average electricity mix. Energy and emissions credits are given to the ethanol based on displacing the average electricity generation mix. a) LS-FR = Low sulfur federal reformulated gasoline b) Total greenhouse gas emissions (Total GHG) expressed in terms of grams of CO 2 equivalent. c) The corn-ethanol and cellulosic ethanol numbers include co-product credits. d) The GHG numbers do not consider CO 2 emissions during the fermentation process for ethanol because these are considered to be from biogenic sources. The WTT GHG emissions shown here for corn-ethanol and cellulosic ethanol differ from WTT numbers shown in the GM report because all GHG credits for biogenic sources are given in the fuel production phase (WTT) in the GM report, while we exclude fermentation CO 2 in WTT estimates. Table 3 
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